An improved shear-lag model is developed in this paper to study the effects of interface roughness on the mechanical properties of unidirectional fiber-reinforced polymer composites with a staggered structure, in which the roughness is incorporated by establishing equilibrium equations for the fiber platelets with varying thickness along its axial direction. The stress transfer and effective Young's modulus of composites are mainly investigated due to the influence of fiber's surface roughness. Since the polymer matrix can be chosen as thermoplastic or thermosetting materials, a uniformly interfacial shear stress distribution due to the frictional transfer along fiber/matrix interfaces and a non-uniformly one due to the elastic transfer are analyzed, respectively. It is found that when the surface roughness becomes larger, fibers in the former will carry more tensile loads, while the tensile loads keep almost invariant in fibers and the shear stress reduces in matrix in the latter. Moreover, the effective Young's modulus of composites will be enhanced due to increasing fiber's surface roughness. However, the enhancing effect will gradually reduce with an increasing aspect ratio of fibers. The results should be very useful for the design of novel fiber-reinforced polymer composites, especially for those that needed interfacial modifications in order to improve the interfacial adhesion, for example, carbon-fiber reinforced polymer composites.
Introduction
The performance of fiber-reinforced polymer composites is largely dependent on the properties of fiber/ matrix interface. Strong interfacial adhesion guarantees efficient load transfer from the soft organic matrix to stiff fibers with high strength and modulus, which helps improving the overall load bearing capacity of composite structures. However, fibers with inert surfaces (e.g. carbon, aramid and polyethylene) always achieve weak interfacial adhesion to the polymer matrix, [1] [2] [3] [4] leading to the failure of composites relevant to interface debonding. Hence, lots of surface modification techniques are developed in order to strengthen the fiber/ matrix interface, which is of great significance to the optimal design of high-quality composites. [1] [2] [3] [4] [5] [6] One of the surface modification techniques is to increase fiber's surface roughness with large number of micro-grooves and ridges produced by etching physically or chemically. 5, 7 As a result, the interfacial contact area gets enlarged and the mechanical interlocking between fiber and polymer matrix is enhanced to provide high bond strength. Therefore, interface roughness plays an important role in the strengthening of interfacial adhesions. Many experimental results have proved this aspect that the interfacial shear strength apparently increases with the augmentation of interface roughness. [8] [9] [10] [11] Additionally, some experimental researches show that the effective Young's modulus and strength of composites with reinforcements treated by surface etching are raised as compared to the untreated ones, 9, [12] [13] [14] which suggest that interface roughness also contributes to the enhancement of overall mechanical properties. The improvements of these mechanical properties are schematically depicted in Figure 1 . However, if the surface treatment lasts too long, the strength of composites will gradually decrease because the micro-pitting on the fiber surface will accumulate and grow into small defect, which will reduce the strength of fibers. 10, 11 Many attentions have been paid on fiber's surface roughness in fiber-reinforced polymer composites, but most of them are confined to experimental studies, as mentioned above. The existing theoretical researches mainly focus on the influence of interface roughness on the frictional sliding of fibers in pull-out and pushout processes. [15] [16] [17] [18] These works provided some basic approaches for describing the rough surface topography (e.g. Fourier series and trigonometric functions), based on which the interface roughness can be incorporated into theoretical models. However, the effects of interface roughness on the mechanical properties of composites during surface modification, such as the improved stress transfer at perfect interface and the enhanced overall stiffness, 9, [12] [13] [14] were seldom touched upon in the former theoretical works. Further researches on this issue are still necessary.
In the present paper, an improved shear-lag theoretical model is established to explore the influence mechanisms of interface roughness on stress transfer and effective Young's modulus in fiber-reinforced polymer composites with a staggered structure. Not only a frictional interface but also an elastic deformation interface between fibers and matrix will be considered, corresponding to the utilizations of thermoplastic and thermosetting polymer matrices in composites, respectively. 19, 20 Fiber's roughness is evaluated by the ratio of the micro-scale amplitude and wavelength of the rough surface. Analytical solutions considering the effect of interfacial roughness will be compared to those obtained for cases with a smooth interface. All the results should be helpful for the design of novel composites, especially, for those that needed interfacial modifications in order to improve the interfacial adhesion, for example, carbon-fiber reinforced polymer composites.
Theoretical model and analysis
An improved shear-lag model more preferred fiber configuration, 21 the current model with 2-D fiber platelets is also effective and accurate for qualitative investigations of micromechanical properties of composites. 22 In addition, the staggered structure is always adopted to characterize a novel bio-composite system (nacre, human bone, etc.), which consist of mineral platelets and protein polymer matrix. 23 We assume that the distribution of fiber repeats itself after two fiber platelets, and the neighboring platelets overlap half of their length along longitudinal direction (regular staggering). 24 h 0 and L are the thickness and length of each fiber platelet, respectively, and t 0 is the thickness of the polymer matrix in between the parallel fibers.
When a tension load p is applied to the staggered composites, it is often considered that the stiff fiber platelets mainly carry the tensile stress and the soft polymer matrix carries shear stress. The tensile load is transferred from matrix to fibers via the interfacial shear stress i distributed along the fiber/matrix interface. Since the thicknesses of fiber and matrix are much smaller than their lengths, the axial tensile strain and stress in fiber platelets are assumed to be dependent only on x axis. Therefore, with the help of an infinitesimal fiber element with length dx as shown in Figure 3 , the equilibrium relation between the interfacial shear stress i and axial stress f in fibers can be written as
Then, we have
Equation (2) is the classical form of shear-lag equation (here the width in y direction is assumed to be unity), 25 which was used in the previous theoretical researches in order to analyze the effects of interface roughness. 15, 16 However, equation (2) is derived only for the case with a smooth interface. For the case with a rough interface, the wavy surface of fiber leads to a more complex boundary condition, which is analyzed as follows.
As shown in Figure 4 (a), an infinitesimal fiber element is taken from the staggered composite structure with a rough fiber/matrix interface, whose contour line is illustrated in Figure 4 (b). Similar to References [18, 26] , the rough interface is set to be periodically wavy in x direction, having a micro-scale amplitude Á and a wavelength . 10, 16 Consequently, the thickness of each fiber platelet is periodically variable in the length direction, i.e. h ¼ hðxÞ, which is often characterized by a cosine function,
where h 0 is the thickness of fibers with a smooth surface as shown in Figure 4 (b). With regard to a rough fiber element in length dx, the total area of the wavy surface A is:
where ds is the length of the boundary of the fiber element. One can see that in equation (4), an enlargement of interfacial contact area by a factor of ½1 þ ðdh=2dxÞ 2
1=2
is induced due to the interface roughness. In Figure 4 (b), i is the interfacial shear stress, which is tangent to the curved interface with ix being the component in x direction. For simplicity, it is assumed that the fiber stress and interfacial shear stress are independent of the fiber's thickness. The cross-sectional area of the fiber is AðxÞ ¼ hðxÞ Á 1 since the thickness h is a function of x due to the curved boundary. Then, the equilibrium equation of the infinitesimal fiber element in x direction can be formulated as Compared to the shear-lag equation for the smooth interface model in equation (2), equation (6) characterizes the augmentation of interface area, which is an essential consequence of the surface modification. 7, 8 It is noted that when Á ! 0 or ! 1, the interface tends to be smooth, which results in hðxÞ ! h 0 , ix ¼ i . Equation (6) can be naturally reduced to equation (2) .
To solve equation (6), it is necessary for us to determine the detailed expression of interfacial shear stress ix ðxÞ. Since the polymer matrix can be thermoplastic (PMMA; polycarbonate) or thermosetting (epoxy resin) materials, two kinds of stress transfer forms should be considered, i.e., the frictional shear transfer and the elastic shear one. 19, 20 In the following parts, the above improved shear-lag model will be applied to analyze the two transfer cases, respectively.
Analysis of the frictional shear transfer case
Frictional shear transfer commonly exists in thermoplastic composites, with the main feature that load transfer at the perfect interface is realized through a constant shear stress which is not affected by Poisson's ratio effects. 19, 27 For a smooth interface, let i in equation (2) be a constant 0 , and the matrix shear stress m equals 0 . It can be derived that f has a simple linear distribution (the tensile loads at both ends of fiber platelet are neglected as done in literatures),
According to equation (7), f increases almost linearly from both ends of the fiber, and reaches the maximum in the middle, exhibiting a triangular pattern, which is consistent with the results of Kelly-Tyson model. 29 For a rough interface, the axial tensile load is transferred primarily through ix , i.e., ix plays the same role as 0 does, and equals the matrix shear stress. Hence, it can be considered that the interfacial shear stress in the x direction for the case with a rough interface is independent of the varying thickness, similar to the constant 0 in the case with a smooth interface. It means that ix distributes uniformly along the rough interface, as 0 at a smooth interface. Let m ¼ ix ðxÞ ¼ 0 , then equation (6) becomes
The right side of equation (8) can also be equivalently interpreted as an increase of the shear stress 0 acting on smooth interface by a factor of
due to the interface roughness. Integrating equation (8) from zero to x yields the distribution of f in the fiber platelet with a rough surface,
The aspect ratio can be denoted as ¼ L=h % L=h 0 due to rather small surface asperities compared to the value of h 0 . Then equation (9) can be rewritten as
ð10Þ Numerical calculations can find that the value of equation (10) is almost independent of the aspect ratio in the sine and cosine functions. Therefore, equation (10) can be further simplified as
Equation (10) gives the normalized fiber stress, which depends only on the parameters related to the surface roughness, Á and . Based on equation (11), the average tensile stress in fibers can be found,
Since it is assumed that the soft polymer matrix in staggered composites cannot carry the tensile load, the effective tensile stress is
where È represents the volume fraction of fibers in fiber-reinforced polymer composites and È ¼ h=ðh þ tÞ % h 0 =ðh 0 þ t 0 Þ. The effective tensile strain consists of that induced by the shear deformation in matrix and the tensile deformation in fiber platelets. 28 Since the matrix shear stress m ¼ ix ¼ 0 , we have
where E f and G m denote the Young's modulus of fibers and the shear modulus of matrix. " m is the shear strain of matrix. Combining equations (12)- (14) yields the effective Young's modulus of the staggered composite for the case of frictional shear transfer,
which has a similar form to that in the tensionshear-chain (TSC) model. 28 From equations (11) and (15) , one can find the stress distributions in fibers and effective Young's modulus of a fiberreinforced polymer composite with rough fiber/matrix interfaces.
Analysis of the elastic shear transfer case
In the thermosetting composites, tensile load is transferred primarily by elastic shear deformation at the interface. 19 Considering the orthotropic mirror symmetries of the staggered array, the dashed-box as shown in Figure 5 is chosen as a representative unit cell, 30, 31 in which two fiber platelets with half length and half thickness are contained and marked with 1 and 2, respectively. Thermosetting polymer matrix is the material between the two fiber platelets. Due to the waviness of rough interface, the thickness of fiber platelet is relevant to x, i.e. h ¼ hðxÞ. The description of the geometry of fiber's rough surface is the same as that in Section An improved shear-lag model. When h ! h 0 and t ! t 0 , the interface tends to be smooth. Moreover, since the longitudinal gap between two fibers is rather small as compared to L=2, the total length of the unit cell is approximately taken as L=2. The deformation pattern of the unit cell and the infinitesimal elements are shown in Figure 6 (a) and (b).
In this case, the rough interface between fibers and matrix should be maintained perfect during shear deformation. Under a uniform tension p, the fiber stress will reach its maximum value P max at x ¼ 0 and x ¼ L=2, which acts as the boundary conditions in the unit cell.
At the rough interface, the tensile stress is transferred via the interfacial shear stress in x direction, i.e., ix . Therefore, ix should follow the classical Hooke's law 30 as
The shear stress m in the matrix equals ix . u 2 ðxÞ and u 1 ðxÞ denote the tensile displacements of fibers 2 and 1, respectively. Then, the fiber stresses f1 and f2 can be written as,
Similar to Section An improved shear-lag model, the equilibrium equations for fibers 1 and 2 with rough surfaces can be obtained, fiber 1:
Using the non-dimensional parameters " Á ¼ Á=ðh 0 =2Þ, "
, and the aspect ratio % L=h 0 , volume fraction of fibers È % h 0 =ðh 0 þ t 0 Þ, Equation (20) can be rewritten as
x= " Þ. Considering the boundary conditions of the unit cell, the fiber stresses f1 and f2 can be normalized as
Let f 1 ð " where
xÞ. One can see that equation (23) contains two 2-order ordinary differential equations with respect to f 1 and f 2 .
The boundary conditions are
At "
Moreover, using the definition of f 1 and f 2 , equation (16) can be re-formulated as
where the relations % L=h 0 and È % h 0 =ðh 0 þ t 0 Þ have been used. Since the unit cell contains two fibers with the same size, the effective tensile stress is
According to Zuo and Wei, 30 the overall strain of the unit cell as shown in Figure 6(a) is
Combining equations (22) and (26), equation (28) becomes:
! ð29Þ
Then, the effective Young's modulus of fiber-reinforced composites can be written as
Based on equations (17), (22)- (26) and (30), the tensile stresses in fibers 1 and 2, the shear stress in thermosetting matrix and the overall Young's modulus of composites can be found. In the following section, the effects of interface roughness on these terms will be analyzed for the two kinds of stress-transfer forms, respectively.
Results and discussions
Consider a unidirectional staggered composite system with stiff fibers and soft polymer matrix. The material parameters are taken as E f ¼ 200 GPa, E m ¼ 4 GPa, f ¼ 0:2, m ¼ 0:3 and the volume fraction È ¼ 0:45, where the subscripts f and m represent the fiber and matrix, respectively. The surface roughness is described by the ratio of the amplitude to the wavelength, i.e., " Á= " . When the ratio approaches zero, the fiber/ matrix interface tends to be smooth; and when the ratio increases, the interface will become much rougher. According to the former researches, 10, 16 for a rough interface, the dimensionless amplitude " Á is assumed to be 0.001, i.e. nano-sized asperities.
The frictional shear transfer case
According to equation (11), distributions of the tensile stress in the fiber platelet along the fiber length for different interface roughness are given in Figure 7 . Results for the case with a smooth interface are also plotted for a comparison. Not only the case with a smooth interface but also the cases with different interface roughness exhibit a similar triangular shape, but the fiber stress increases significantly when the ratio of " Á= " increases. It means that in the frictional shear transfer case, the interface roughness will enable fibers to carry more tensile loads (assuming the fiber stress lying within the range of its theoretical tensile strength). This phenomenon may be explained by the lack of chemical functional groups in the thermoplastic matrix, and the interfacial adhesion stems primarily from fiber-matrix mechanical interlocking. 19 As interface roughness increases, the real contact area between fiber and matrix is enlarged, leading to an enhancement of mechanical interlocking. Therefore, higher tensile stress can be transferred via the rough interface from matrix to fibers. Since fibers are generally much stiffer than soft organic matrix, the overall load-bearing capacity of composites can be effectively optimized in this case, which is just one of the main aims that designers expect to achieve through surface modification. Figure 8 gives the relation between the effective Young's modulus of staggered composites and the aspect ratio of fibers under different interface roughness. Similar to the results in TSC model, 28 the effective Young's modulus E e rises rapidly with the increase of aspect ratio , and gradually approaches a constant value as is large enough (! 100). With regard to the effect of interface roughness, it shows that the larger the ratio " Á= " , the higher the effective Young's modulus E e will be, which reflects an enhancing effect of interface roughness on the stiffness of composites. However, E e increases very sharply at the initial stage with the increasing " Á= " and then tends to a constant that seems insensitive to the larger aspect ratio or roughness.
Similar trends are also found for the relation between the effective Young's modulus and the volume fraction of fibers as shown in Figure 9 . One can see that in the case with a small aspect ratio as shown in Figure 9 (a), the effective Young's modulus increases with an increasing volume fraction of fibers when the interface roughness keeps unchanged. For a determined volume fraction of fibers, the effective Young's modulus also increases significantly with an increasing interface roughness. However, comparing Figure 9(a)-(c) , in which the aspect ratio of fibers increases from 20 to 100, the effect of the interface roughness on the effective Young's modulus reduces obviously with an increasing aspect ratio of fibers. Thus, an interesting conclusion could be made that the enhancing effect of interface roughness on the effective Young's modulus E e is only significant for fibers with a small and medium aspect ratio; for the case with a large aspect ratio of fibers, the effect of fiber/matrix interface roughness on the stiffness of composites is very weak.
The elastic shear transfer case
According to equation (26) , the non-dimensional shear stress in the thermosetting matrix can be rewritten as
in which ¼ ½G m È=E f ð1 À ÈÞ 1=2 . From equation (31), we find that the non-dimensional matrix shear stress only depends on the difference of functions f 1 and f 2 for given material parameters , È, E f and G m . Let the aspect ratio ¼ 30, solving equation (23) numerically yields the influences of the interface roughness on the distributions of matrix shear stress and the tensile stress in fibers 1 and 2 in the unit cell, which are shown in Figures 10 and 11 , respectively.
In Figure 10 , one can see that the matrix shear stress distributes parabolically in x direction and reaches the maximum at both ends of the unit cell, exhibiting a similar pattern to the results in References [30, 31] . The interface roughness shows significant influence on the matrix shear stress, which decreases with an increasing interface roughness " Á= "
. It means that, in the case of elastic shear transfer, the increase of interface roughness could help to reduce the shear stress in the thermosetting matrix so that matrix fracture is less likely to happen. Moreover, since the matrix shear stress equals the interfacial shear stress, the reduction of ix at x ¼ 0 and x ¼ L=2 leads to a weakened stress concentration at the fiber/matrix interface. Consequently, a larger external force yielding interface debonding could be supported in the case with a rougher interface. This conclusion agrees well with many experimental observations of surface modification. [8] [9] [10] [11] Figure 11 exhibits the distributions of tensile stress in fibers 1 and 2 with respect to the normalized fiber length "
x. Comparing to the case of frictional shear transfer, the interface roughness has hardly influences on the fiber stress in the case of elastic shear transfer. This phenomenon is consistent well with the analytical results of Chai and Mai, 16 in which the effect of interface roughness on fiber stress is very weak when the fiber/epoxy matrix interface is perfect and subjected to an elastic shear stress. Combining Figures 10 and 11 yields a conclusion that a lower interfacial shear stress is involved to transfer the same amount of tensile loads in the case with a rougher interface. The efficiency of stress-transfer is improved with increasing interface roughness.
The effective Young's modulus is expressed by equation (30) , in which the normalized average fiber stress can be obtained from Figure 11 ,
which almost keep invariants with a varying interface roughness " Á= " . Thus, equation (30) can be further rewritten as in which the value of ½ f 2 ð0Þ À f 1 ð0Þ for different aspect ratios can be calculated in equation (23) . Then, the relation between the effective Young's modulus of composites and the aspect ratio of fibers can be found as shown in Figure 12 . The relation between the effective Young's modulus and the volume fraction of fibers are also given in Figure 13 for a fixed aspect ratio of fibers.
Comparing the cases of frictional shear transfer and elastic one as shown in Figures 8 and 9 and Figures 12  and 13 , respectively, we find that the varying trends of effective Young's modulus E e versus the aspect ratio and the volume fraction of fibers are similar in both cases: the effective Young's modulus increases with an increasing volume fraction of fibers when the interface roughness keeps unchanged; for a determined volume fraction of fibers, the effective Young's modulus also increases significantly with an increasing interface roughness. However, the effect of the interface roughness on the effective Young's modulus reduces obviously for cases with a relatively large aspect ratio of fibers. The difference between the two cases is that the range of aspect ratio, within which the interface roughness has a relatively pronounced effect on E e , appears to be larger ( 100) in the elastic shear transfer case as shown in Figures 12 and 13 than that in the frictional one as shown in Figures 8 and 9 ( 60) . This difference is naturally induced by the different enhancing mechanisms of E e in both cases: one is realized through the increase of fiber tensile stress and the other is via the reduction of matrix shear stress.
The function of interface roughness on the overall Young's modulus of polymer composites can be qualitatively predicted based on the new shear-lag model as shown above. The improvement of E e due to roughness seems not large in both stress-transfer cases, which is qualitatively consistent with the phenomenon revealed by Figure 1(b) . However, it is still impossible for us to make one-to-one comparison between the analytical and the experimental results due to the lack of detailed experimental data. Further experimental explorations are still needed in the future.
Comparisons between our model and Zhao and Weng
In Zhao and Weng, 32 a ribbon-fiber reinforced composite system was investigated, in which the effects of the orientation and volume fraction of ribbon-fibers were considered while the length was assumed to be infinite. For a composite reinforced with monotonically aligned ribbons, its longitudinal effective Young's modulus was formulated as a function of the ribbon fiber's volume fraction c f ,
where E f , G f , f , f and E m , G m , m , m represent the Young's moduli, shear moduli, bulk moduli and Poisson's ratios of the isotropic fiber and matrix, respectively.
In order to compare our results to those obtained by Zhao and Weng, 32 we reduce our model to the one with a smooth fiber/matrix interface. The calculating longitudinal effective Young's moduli for the frictional shear transfer case and the elastic one are shown and compared to the predictions by Zhao and Weng 32 as shown in Figure 14(a) and (b) , respectively, in which the aspect ratio takes a very large value ( ¼ 200) due to the assumed infinite fiber length in Reference [32] . It is interesting to find that both the present reduced model and that in Reference [32] give a similar prediction for the longitudinal effective Young's modulus.
Conclusions
An improved shear-lag model is proposed in order to investigate the effects of interface roughness on the mechanical properties of fiber-reinforced polymer composites. Two different transfer forms of interface stresses are considered, i.e., frictional shear transfer and elastic shear one, which correspond to the cases of choosing thermoplastic and thermosetting polymer materials as the matrix in composites, respectively. In the former, the interfacial shear stress is a constant, and it is found that an increasing interface roughness leads to a significant increase of fiber stresses. That means fibers with a rough surface will sustain more tensile loads than those with a smooth interface. In the latter, it is found that the interface roughness will reduce the shear stresses in thermosetting matrix and at the interface, resulting in an improved strength of composites and the fiber stress keeps invariant for varying interface roughness, which agrees well with the results in Chai and Mai. 16 Therefore, the influence mechanisms of fiber's surface roughness on stress transfer behaviors in thermoplastic and thermosetting composites are totally different. In both cases, interface roughness and the volume fraction of fibers could enhance the effective Young's modulus of composites. However, the effect of the interface roughness on the effective Young's modulus reduces obviously for cases with a relative large aspect ratio of fibers. All the theoretical results in the present paper should be helpful for the optimum design of interfaces in composites with surface-inert advanced fibers and organic polymer matrix, such as carbon or aramid-reinforced polymer composites.
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